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We report on the observation of exchange bias and memory effect in double perovskite 
Sr2FeCo06. Antiphase boundaries between the ferromagnetic and antiferromagnetic 
regions in the disordered glassy phase is assumed as responsible for the observed effect 
which reflects in the cooling field dependence and temperature evolution of exchange 
bias field and in training effect. The spin glass phase itself is characterized through 
memory, ageing and magnetic relaxation experiments. The spin glass transition 
temperature, Tg, versus H^^ follows the Almeida-Thouless line yielding a freezing 
temperature, Tf = 73 K. Time-dependent magnetic relaxation studies reveal the 
magnetization dynamics of the underlying glassy phase in this double perovskite. 

PACS numbers: 75.50.Lk, 75.47.Lx, 75.50.-y 
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Materials that show vertical/horizontal displacement of magnetic hysteresis loop - known 
as exchange bias materials - are potential candidates for technological applications as spin 
valvesi, permanent magnets^ and in magnetic recording^i^. Exchange bias is observed mainly 
in ferromagnetic (FM)/ antiferromagnetic (AFM) bilayers^ but, also in nanoparticles^, in- 
homogeneous magnets,- and strongly correlated oxides like manganites,- cobaltites,- and in 
intermetallics^. In classical exchange bias (EB) systems, the hysteresis loop is shifted to 
the left of the origin and conventionally EB is defined negative. Positive EB has also been 
reported, for example, in metallic bilayers^^ and in spin glasses^i. In a detailed study to 
distinguish between reentrant spin glass (RSG) and cluster glass (CG), exchange bias with a 
shift in both magnetization and field axis was observed in Lo.sSro.sCoO^. In this Letter, we 
report the observation of exchange bias in a spin glass double perovskite thereby, extending 
the generality of this phenomenon. 

The spin glass (SO) nature of Sr2FeCo06, with transition temperature Tg ^ 75 K, studied 
through macroscopic magnetization and structural studies using neutrons has been reported 
elsewhere^. In this paper we focus on detailed magnetization measurements in field-cooled 
and zero field-cooled conditions along with magnetic relaxation measurements conducted 
using commercial SQUID magnetometer and physical property measurement system (both 
M/s Quantum Design Inc.). 

As the first set of magnetization measurements, field-cooled hysteresis curves at different 
temperatures were measured on Sr2FeCo06. To this effect, the sample was field-cooled from 
120 K to a temperature below Tg with an applied field of 50 Oe (after each M{H) curve the 
sample was demagnetized by warming up to 120 K). The field-cooled magnetic hysteresis 
loops at different temperatures in the range 30 - 70 K, that show clear shifts resembling 
EB are presented in Fig[T](a). The loop-shifts in the M{H) plots, as seen in the figure, can 
signify exchange bias due to the spins at of FM/AFM, FM/SG interfaces. In Sr2FeCo06, 
antisite disorder leads to SG phase at low temperature which then forms FM/SG interfaces 
which can cause exchange anisotropy. In order to avoid minor loop effect in the observation 
of a genuine EB-shift, the optimal maximum applied field (Hmax) should be greater than 
the anisotropy field (H^) of the system. From the analysis of initial magnetization at 50 K 
using M = Ms{l - a/H - b/H"^) + xH and using the relations b = AKf/15M^ and Ha = 
2Ki/Mj^i^, a rough estimate of the anisotropy field Ha = 448 Oe was obtained {Mg is 
saturation magnetization, a, b are free-parameters, Ki is anisotropy constant, x is the high- 
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field susceptibility). Consequently, our hysteresis measurements were performed such that 
the maximum applied field Hmax > Ha- Fig. [1] (b), shows that the effect of applied fields 
greater than 10 kOe is to diminish the effect of exchange bias. Similar effect of vanishing 
EB at high fields has been reported for cluster glass perovskite cobaltites^. In order to 
confirm that the exchange bias effect is intrinsic, we performed training effect experiment 
where the M{H) curve at 50 K is recorded in field-cooled condition for 12 continuous loops. 
In Fig[T] (c), a magnified view of the 1** and 12*^ loops are presented showing a clear shift 
which is typical of the response from exchange biased systems and hints at the metastable 
nature of the interface^^. Field-cooled hysteresis curves at 50 K were measured as a func- 
tion of different cooling fields, Hpc- The exchange bias field was estimated from the M{H) 
loops as, \Heb\ = \{H^ + H_)/2\] and H_ are the positive and negative intercepts of 
the magnetization curve with the field axis. The variation of Heb as a function of Hpc 
and temperature are shown in Fig. [2] (a) and (b) respectively. In order to probe RSG fea- 
tures in the present system, we performed field-cooled hysteresis measurements at different 
cooling fields as suggested in Mukherjee et. al.— . The resulting M{H) plots are presented 
in Fig [2] (c). Displaced hysteresis loops are evident which, with increasing Hpc intersect 
the if-axis at a progressively higher negative values. Similar feature has been observed in 
Lao.sSro.sCoO^ and signifies the presence of FM clusters. 

In the case of spin glass systems, the peak at Tg in the imaginary part of ac magnetic sus- 
ceptibility shifts to low temperature with increasing value of superimposed dc field. The 
evolution of Tg with applied magnetic field can be explained by Almeida- Thouless (AT) line 
in a H-T phase diagram^^. The AT line is described by the equation. 
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Here A J is the width of the distribution of exchange interactions, Hdc is the superimposed 
dc magnetic field and T^ is the transition temperature. Fig [3] (a) is the plot of Tg versus 
H'^^^ for Sr2FeCo06 which shows a decrease in Tg with applied field. A fit to the variation 
of Tg with field assuming the critical exponent a = 3/2 gives straight line fit satisfying the 
AT equation and confirms the spin glass nature of Sr2FeCo06. Linear behaviour with the 
critical exponent being 3/2 is observed for low fields (/ioH < 1 T). Extrapolating the fit to 
both the axes, we obtain the freezing temperature (Tf) and the critical field (Her) as 73 K 
and 116 Oe respectively. The conformity with AT-line has been observed in intrinsically ex- 



change biased Zn2;Mn3_a;04 solid solutionsi^. For reentrant spin glass systems, the disorder 
extends to the whole volume resulting in the shift of Tf to lower temperatures with increase 
in magnetic field^^. 

In order to further test the glassy magnetic ground state in Sr2FeCo06, memory experi- 
ments were conducted, for which, the sample is first zero field-cooled to low temperatures at 
a constant cooling rate, while recording magnetization. While cooling, intermediate stops 
are administered below Tc when the measurement is stopped (for 2 h) and magnetization is 
allowed to relax. After reaching the lowest possible temperature, the sample is heated back 
at a constant heating rate without administering any stops and magnetization is recorded. 
For comparison, a reference curve where no stops are administered is also recorded. The 
cooling, heating, reference and the derivative of the heating curve, dM/dT, are presented 
in Fig [3] (b). Clear ^ dips' in magnetization of the cooling curve are discernible where the 
measurement was stopped. The signatures of memory effect is clear in the heating cycle 
where the steps are recovered at the same temperature points. This is clearly visible in the 
plot of dM/dT. Observation of memory effect is a confirmation of the magnetic glassy state 
and has been reported in canonical spin glasses and phase separated manganites that show 
spin glass-like ground states. 

In order to study the magnetic relaxation mechanisms stemming from the underlying mag- 
netic glassy state, time dependent magnetization with different wait times were recorded at 
50 K. For these measurements, the sample was zero field-cooled to 50 K, a wait time was 
administered and then the magnetization was measured as a function of time. Evident from 
FiglH (a), a clear dependence on can be seen wherein the system becomes magnetically 
stiffer as the wait time increases; which is common among canonical spin glasses. Fig |4] 
(b) shows time-dependent magnetization at tw = 3600 s but at different temperatures. The 
time-dependent magnetization was fitted well with a stretched exponential of the form 



where Mq is the intrinsic ferromagnetic moment, Mg is the glassy component of the moment, 
tr is the characteristic time component and n is the stretched exponential exponent. Eqn. ([2]) 
is similar to Kohlrausch law^ which is used to explain magnetic, dielectric and optical phe- 
nomena where relaxation mechanisms play a important role in the dynamics. The exponent 
in Eqn. ([2]) is temperature dependent, and according to the percolation model, varies in 
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the range ^ < n < 1—. Table U shows the parameters obtained from the fit according to 
Eqn ([2]). The values of n and Mq are independent of t^, while the characteristic time scale 
tr varies with typical of canonical spin glasses^^. The characteristic time varies slowly 
with the wait time, but the dependence of tr on implies that it is in a non-equilibrium 
state and that of the memory effect. Negative temperature cycling of magnetization in zero 
field-cooled (ZFC) and field-cooled (FC) protocols were also performed to complement the 
memory effect. In the ZFC protocol, the sample was cooled down to 35 K in ZFC mode and 
a field of 100 Oe was applied to measure magnetization for time ti. Further, the sample was 
cooled down to 30 K, the field is switched off, immediately after which the magnetization is 
recorded for another time ^2- After t2 the system is taken back to 35 K and magnetization 
measured for time ^3. In the above measurement, ^1 = ^2 = ^3 = 3600 s. Fig|4](c) shows the 
ZFC temperature cycling where the effect of memory is observable even after aging at lower 
temperature. Fig|4](d) illustrates the same experiment as in (c) but, in FC protocol. Similar 
measurements (ZFC and FC) but in heating cycle were performed the results of which are 
given in FigH] (e) and (f). An asymmetric response is observed which means that there is 
no memory while heating the sample. 

The relaxation measurements confirms the spin glass nature of Sr2FeCo06 and can be con- 
cluded that the observed exchange bias is seen in the spin glass phase. Exchange bias systems 
with FM/SG interfaces are known to show exponential decrease in Heb with temperature^. 
In such a scenario, the SG phase forms the frozen phase where magnetization is irreversible 
while that of the FM phase is reversible. In the present case, we assume a minority FM phase 
which coexist in a majority AFM disordered (glassy) phase as deduced from the hysteresis 
curves and lack of saturation magnetization. With reduction in temperature, increasing 
number of disordered AFM (or glassy) domains freeze and this progressive freezing leads to 
enhancement of Heb at low temperature. The dependence of Heb on Hec is understood 
based on the competition between the Zeeman coupling energy and the exchange energies 
at the interfaces. At low cooling fields, field-cooling induces progressive enhancement of 
freezing of domains and hence Heb increases whereas at high cooling fields, Zeeman energy 
overcomes the magnetic interactions at the interface. 

In conclusion, we report the observation of exchange bias in the double perovskite Sr2FeCo06 
which is a spin glass. The claim of intrinsic exchange bias is supported through field-cooled 
hysteresis measurements, dependence of exchange bias fields on cooling fields and tempera- 
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ture, training effect etc. Interface magnetic interactions between FM regions and SG domains 
are believed to be the origin of observed exchange bias. The underlying spin glass phase is 
further characterized through the conformation with AT-line, memory and aging effects and 
magnetic relaxation. 

The authors acknowledge the Department of Science and Technology (DST), India for the 
financial support for providing the facilities used in this study (Grant No. SR/FST/PSII- 
002/2007) and (Grant No. SR/NM/NAT-02/2005). 
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FIG. 1. (colour online) (a) Field-cooled (50 Oe) isothermal magnetization of Sr2FeCo06 at different 
temperatures below Tg. The field range is limited to ±1000 Oe {Umax) which is greater than i/^ 
(i.e., Hraax > Ha)- (b) Hysteresis plots at different Hmax where exchange bias disappears, (c) 
Training effect at 50 K observed with 12 loops. 
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FIG. 2. (colour online) Exchange bias field Heb plotted against (a) Hpc and (b) temperature 
conform to typical exchange bias characteristics, (c) The field-cooled hysteresis curves at different 
cooling fields up to 20 kOe display vertical displacement that signify FM clusters present in the 
system. 
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FIG. 3. (colour online) (a) Tg vs H^^ plot for Sr2FeCo06 where Hdc is the superimposed dc 
field and the dashed-line shows the fit according to Eqn. [TJ The inset shows the real part of ac 
susceptibility, x'{T), at different applied dc fields, (b) Memory effect in Sr2FeCo06. The stops 
administered during the cooling curve, where the measurement is halted, are recovered in the 
heating cycle. The derivative plots clearly show the recovered stops. For comparison, a reference 
measurement curve (without stops) is also presented. 
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FIG. 4. (colour online) (a) Time-dependent magnetization of Sr2FeCo06 at 50 K for three different 
wait times. The solid lines are fit to the eqn ([2]). (b) The time-dependent magnetization with a wait 
time of tw = 3600 s. Signatures of aging are present in relaxation experiments in both ZFC ((c), 
(e)) and FC ((d), (f)) protocols, (c) and (d) show negative temperature cycling in ZFC and FC 
mode respectively while (e) and (f) show the same plots in warming mode. Asymmetric response 
is clearly seen for the warming mode. 
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TABLE I. The parameters, Mq, Mg, and n obtained by fitting the time-dependent magnetization 
at different wait times using eqn [2j 



tw (s) 


Mo (emu/g^ 


1 Mg (emu/g; 


) tr (s) n 


300 


0.009(3) 


0.074(1) 


1590(1) 0.43(1) 


1500 


0.009(2) 


0.073(2) 


1671(2) 0.41(2) 


3000 


0.0102(3) 


0.071(2) 


1705(1) 0.41(5) 
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